The objectives of the present study were to compare the dynamic of the growth and photosynthetic characteristics of cotton varieties contrasting in waterlogging (WL) tolerance when subjected to hypoxia stress. The growth of the WL-sensitive genotypes was notably inhibited by WL, mainly as a result of a significant reduction in the net photosynthesis (PN) after two days of hypoxia treatment; in the tolerant varieties, no significant changes in PN were observed until 8 d after hypoxia onset. The intercellular CO2 concentration and maximal photochemical efficiency of PSII significantly declined, and the nonphotochemical quenching increased in the sensitive varieties. Infrared thermography showed that a low stomatal conductance resulted in an increased leaf temperature under hypoxia stress. Spectral image analysis suggested that the pigment content and water content rapidly decreased in the leaves of the sensitive varieties. It is concluded that maintaining stomatal opening through the interaction of ethylene and abscisic acid may be an important strategy to improve waterlogging tolerance in cotton.
Introduction
Waterlogging (WL) is a major environmental stress that is commonly caused by a heavy rain or an improper irrigation (Irfan et al. 2010) . Approximately one billion hectares suffer from WL worldwide, which results in a massive crop growth inhibition and yield losses (Ahmed et al. 2013 , Najeeb et al. 2015 . The production of cotton, the most important fibre crop, is strongly affected during its growth period by a large amount of rainfall during the rainy season (Setter and Waters 2003, Bange et al. 2004) , particularly in south-eastern Asia and Australia. WL is especially harmful to the quality and yield of cotton because of weak adaptability of cotton to WL (Bange et al. 2004 , Zhang et al. 2017 , especially, at the seedling stage when cotton has a lower water requirement (Qin et al. 2012) .
The damage to plants caused by WL mainly comes from a lack of oxygen (hypoxic or anoxic stress), impaired nutrition, and the accumulation of toxic secondary metabolites and nutrients (Shabala 2011 , Araki and Hossain 2012 , Jitsuyama 2015 . Hypoxia, the most direct and rapid adverse factor, imposes a major restriction on photosynthesis (Armstrong et al. 2009, Bansal and Srivastava 2015) . Previous studies demonstrated that photosynthesis parameters were reduced by WL in many crops, such as rice (Winkel et al. 2014 , Anandan et al. 2015 , wheat (Shao et al. 2013) , maize , and pigeon pea (Bansal and Srivastava 2015) . The factors affecting the photosynthetic rate are mainly divided into two types: stomatal and nonstomatal inhibition (Alamin et al. 2018) . Firstly, CO2 deficiency is the rate-limiting factor for photosynthesis because of stomatal closure (Anandan et al. 2015 , Alamin et al. 2018 . Additionally, long-term WL results in a severe damage to chloroplast structure and function, representing a nonstomatal component. The harmful substances produced by anaerobic respiration, such as ethanol and acetaldehyde, reduce the activity of oxidation-protective enzymes. Another source of inhibition is elemental toxicity resulting from the shift in the redox potential in flooded soils and an associated increase in concentration of biologically available Fe and Mn (Zeng et al. 2013) . Accumulation of malondialdehyde (MDA) relates to development of oxidative stress which is part of the plant response to different environmental stresses (Živčák et al. 2016) . The chloroplast degradation caused by reactive oxygen species (ROS) leads to a decrease in the electron transport rate and phosphorylation.
In this context, chlorophyll (Chl) fluorescence parameters are efficient indicators of the transport of light energy and electrons in PSII and can therefore be used as a measure of the WL impact on leaf photochemistry (Dias et al. 2018) .
Infrared thermal imaging is regarded as a nondestructive and real-time detection technology for crop temperature and is widely used in studies on abiotic stress, such as drought (Prashar and Jones 2016, Biju et al. 2018 ) and salt stress (Siddiqui et al. 2014) . Infrared thermal imaging was used to identify drought-tolerant lentil genotypes, validating it as a high-throughput screening tool in plants (Biju et al. 2018) . In addition, the thermal imaging was proven to be a reliable method for water deficit diagnosis by measuring the canopy temperature (Xu et al. 2015) . Hyperspectral imaging, another nondestructive technique, is widely used in agriculture (Lowe et al. 2017) . It could measure the reflectivity of light at different wavelengths and thus be used to calculate the water content, cell structure, pigment content, and nitrogen content in plant leaves (Corti et al. 2017 , Sytar et al. 2017 . Compared to traditional detection methods, infrared thermal imaging and hyperspectral imaging technologies are quicker, more efficient, and more accurate (Lowe et al. 2017 , Biju et al. 2018 .
Given the fact that adaptive responses of plants to adverse environments have a clearly pronounced timedependence, the nondestructive technology provides a great opportunity for continuous monitoring of morphological and physiological changes in plants under abiotic stresses (Siddiqui et al. 2015 , Luan et al. 2018 . In the early stage of rhizosphere anoxia, the 1-aminoacyl cyclopropane-1-carboxylic acid (ACC) content increases, which is regarded as the primary signal generated in root tips that is then transferred to other parts of the plant. Subsequently, ACC synthesises ethylene and induces aerenchyma and adventitious root formation in many species (including wheat and rice). As the WL stress continues, the ethylene signal is delivered to the leaves, which upregulates the abscisic acid (ABA) content (Ahmed et al. 2006) and results in a stomatal closure. Although it reduces the transpiration rate and prevents dehydration in leaves, low intercellular CO2 concentration limits the photosynthetic rate, and the accumulation of organic matter in plants decreases (Irfan et al. 2010) . At the same time, low oxygen in the root cells quickly stimulates the anaerobic respiratory pathway, which may cause accumulation of ethanol and acetaldehyde. The activities of some important enzymes in the oxidation defence system (such as superoxide dismutase, catalase, etc.) are inhibited, disrupting the balance of the ROS production and detoxification in plants. The rapid increase in the ROS (including H2O2, O2
•-, • OH, and NO) content does not only destroys the cell membrane and reduces the transport capacity of substances but also affects the activity of many metabolic enzymes, resulting in the blockage of various metabolic pathways in plants (Bansal and Srivastava 2012) . Eventually, some morphological changes occur after a long period of flooding. Obviously, the plant response to WL stress is complicated and continuous, prompting a need for different research methods to study it at different time points.
At present, the photosynthesis of cotton under WL stress has been partially studied, but more details about growth and physiological responses deserve attention, particularly WL resistance differences between genotypes and timescale responses after waterlogging. In the current study, a low-oxygen hydroponic system was used to measure responses of three hypoxia-tolerant and three hypoxiasensitive cotton varieties exposed to hypoxia stress. The dynamic responses of morphology, photosynthesis, Chl fluorescence, and leaf temperature were measured. Hyperspectral images were taken in order to reveal the differences between cotton genotype traits and treatment duration and provide a theoretical basis for the improvement of cotton breeding and resistance to WL stress.
Materials and methods
Plant growth and treatment: The study was carried out at the College of Agriculture, Yangtze University, Hubei, China (112°15'N, 30°36'E), in 2017. Six cotton accessions were used as a plant material in the experiment, including three sensitive varieties (S) (Lu37, Wang18, and Zao29) and three tolerant varieties (T) (Cx094, T11-40, and HZ91217). The seeds of the six cotton varieties were soaked in a tap water for 4 h, placed onto a 96-well seedling plate filled with moist fine sand, and placed in a growth room (28°C, 60% RH, dark) for germination. At the twoleaf stage, uniformly germinated seedlings from each variety were transplanted to Hoagland nutrient solution in a hydroponic box (160 × 110 × 100 cm). Optimal aeration was provided for 2 d by an air pump as the plants adapted to the hydroponics. For the hypoxia treatment, the solution oxygen content was maintained at 2.0 mg L -1 with an automatic dissolved oxygen metre (Quantum, USA) by the discontinuous bubbling of N2 gas. For the control, the solution oxygen was kept above 7.5 mg L -1 by an air pump. The experiment was carried out in May, and mean temperature was 22-26°C, RH was between 55-65%. The experiment was replicated three times.
Measurement indices:
Plant height (cm), stem diameter (mm), leaf area (cm 2 ), and root length (cm) were measured by taking pictures and then analysed by Image J software. Chl metre values (SPAD-502 Plus, Japan), photosynthesis parameters, Chl fluorescence parameters, leaf temperature, and spectral parameters were evaluated at 0, 2, 4, 6, and 8 d after hypoxia treatment.
The Li-6400 (Li-Cor, USA) was used for the measurements of the net photosynthetic rate (PN), stomatal conduc-tance (gs), intercellular CO2 concentration (Ci), and transpiration rate (E) with the following parameters: light intensity of 1,000 μmol(photon) m -2 s -1 provided by a built-in LED light source, flow rate of 450 mL s . Measurements were taken on the third leaf from the top between 10:30-12:30 h.
The Chl fluorescence parameters were measured on the third leaf (counting from the top) using a Chl fluorometer (Mini-PAM, Walz, Germany). The initial fluorescence yield (Fv/Fm) was collected after 30 min of dark treatment. The photochemical quenching (qp) and the nonphotochemical quenching (NPQ) were determined after 30 min of light treatment.
Infrared thermography images were recorded with a thermal imager equipped with a detector (VarioCAM hr780, InfraTec, Germany) using a standard infrared lens with a field of view of 23 × 17°, a thermal sensitivity of less than 0.05, and an emission rate of 0.95. A transmittance of 75% shade net was hung on the roof to maintain light uniformity. The lens was perpendicular to the top of the third leaf and was 0.5 m away from the leaves.
Leaf reflection curves were collected from the third leaf by a spectrometer (Field Spec 4, ASD, USA) with a spectral range of 350-2,500 nm. The spectral resolution was 3 and 700 nm. The average value calculated from three readings of each leaf was regarded as valid. The Chl index (PSSRa) and water index (NDWI) were calculated with the following formulas: PSSRa = R800/R680 (le Maire et al. 2004) , NDWI = (R860 -R1240)/(R860 + R1240) (Galvão et al. 2005 ).
Statistical analysis:
The experimental data were subjected to analysis of variance (ANOVA) by SPSS 22.0 software and Excel 2010, and figures were drawn with SigmaPlot 10.0 software. A completely randomized design (CRD) with three replications was used in this study.
Results
Morphological response: Plant height decreased significantly compared with control in the sensitive genotypes under hypoxia conditions, especially within the first 2 d. However, plant height was almost identical between controls and hypoxia treatment in tolerant genotypes (Fig. 1A) . Similar trends were observed for the stem diameter and leaf area of the sensitive plants (Zao22, Lu37, and Wang18), which decreased by 19.2, 18.5, and 20.2% compared with those of the control plants, respectively (Fig. 1B,C) . A large number of lateral roots was formed in the tolerant plants under hypoxia stress, resulting in a significant increase in the total root length (2.24 fold of control), while this parameter decreased slightly in the sensitive plants (Fig. 1D) . The results suggested that under hypoxia conditions, the tolerant cotton variety grew faster than the sensitive cotton variety, although all six cotton varieties showed the inhibited growth.
Photosynthetic traits: PN decreased in both the tolerant and sensitive genotypes under hypoxia conditions, and the decrease was more significant in the sensitive plants (55.5, 62.1, and 54.1% in Zao22, Lu37, and Wang18, respectively) than that in the tolerant plants (28.8, 12.2, and 39.8% in Cx094, T11-40, and HZ91217, respectively) ( Fig. 2A) . After treatment for 8 d, Ci decreased by 28.0, 26.1, and 31.3% in Zao22, Lu37, and Wang18, respectively, and by 18.1, 16.7, and 14.0% in Cx094, T11-40, and HZ91217, respectively (Fig. 2B) . Similarly, gs decreased significantly after treatment for 8 d (61.6, 61.3, and 72.4% in Zao22, Lu37, and Wang18, respectively). The decrease between 0 to 4 d was more significant than the decrease between 4 and 8 d. However, gs decreased slightly in the tolerant plants (39.1, 35.0, and 29.1% in Cx094, T11-40, and HZ91217, respectively) after treatment for 8 d, and the decrease intensified from 4 to 8 d (Fig. 2C) . In the sensitive genotypes, the E decrease was higher from 0 to 4 d than that from 4 to 8 d, while in the tolerant genotypes, E increased slightly from 0 to 2 d and decreased by 18.8, 19.3, and 23.1% in Cx094, T11-40, and HZ91217, respectively, from 2 to 8 d.
Chl fluorescence parameters:
Fv/Fm and qp decreased significantly in sensitive Zao22, Lu37, and Wang18 genotypes between 2 and 8 d after hypoxia treatment, while there were no obvious changes in tolerant Cx094, T11-40, and HZ91217 (Fig. 3A,B) . These results indicated that the tolerant varieties had stronger electron transfer activities and light energy-utilization abilities. NPQ showed no changes from 0 to 4 d and increased slightly from 4 to 8 d in Cx094, T11-40, and HZ91217, while it increased significantly from 0 to 4 d in Zao22, Lu37, and Wang18 (Fig. 3C) . Interestingly, NPQ was significantly reduced in only Wang18 from 4 to 8 d. More energy was lost as a thermal energy in the sensitive plants than that in the tolerant plants, which may be an important factor for growth inhibition.
SPAD value:
To compare the Chl content in the different cotton genotypes after hypoxia stress, the SPAD value was evaluated (Fig. 4) . ΔSPAD (decrease of relative Chl content) rapidly increased in sensitive Zao22, Lu37, and Wang18, 15.9, 11.5, and 8.2 times, respectively, from 0 to 12 d, which could indicate that the Chl content was significantly reduced in these three cotton varieties; however, ΔSPAD decreased slightly from 2 to 4 d and recovered from 4 to 8 d in tolerant Cx094, T11-40, and HZ91217.
Leaf temperature: Metabolic reactions in leaves can cause changes in the leaf temperature (Fig. 5B) . The leaf temperature increased in WL-sensitive Zao22, Lu37, and Wang18 from 6 to 24 h. However, it decreased from 0 to 6 h and then increased again from 6 to 24 h in tolerant Cx094, T11-40, and HZ91217. Furthermore, leaf temperature was higher in the sensitive genotypes than that in the tolerant genotypes after WL, which means that the tolerant plants could maintain a stable metabolic environment to avoid anoxia stress damage in the roots.
The leaf reflection curve: There were two troughs from the 480-500 nm band and the 680-700 nm band caused by strong light absorption by Chl. In comparison to the tolerant (T) plants, the leaf reflection in the sensitive (S) plants was higher in the two troughs under anaerobic stress, which means that the light absorption was reduced more significantly in S than that in T after hypoxia treatment. Furthermore, the two troughs from 1,450-1,500 nm and 1,950-2,000 nm were regarded as related to the absorption of water by the cell. Usually, leaf reflection decreases when the water content increases. The leaf reflections of the S plants were higher than those of the T plants after hypoxia treatment, which showed that water content was lower in the S plants than that in the T plants (Fig. 6A) . The PSSRa rapidly decreased from 0 to 2 d and then remained low from 2 to 8 d in sensitive Zao22, Lu37, and Wang18 after hypoxia treatment. In contrast, the PSSRa decreased slowly in tolerant Cx094, T11-40, and HZ91217 from 0 to 6 d (Fig. 6B) . The change of the NDWI value showed a trend consistent with PSSRa (Fig. 6C) . Overall, both the Chl and water contents decreased in both the T and S cotton plants, but this decrease was more significant and quick in the S plants under hypoxia treatment.
Discussion
When plants suffer from waterlogging stress, a root system is directly exposed to hypoxia conditions, and is therefore at the first line of defense. It was reported that rapid increase of ACC content was an early signal in plants responding to waterlogging. Ethylene induces the biosynthesis of auxin and directs auxin toward elongation zone, which in turn promotes local auxin increase that inhibits cell elongation in roots (Basu et al. 2011, Ali and Kim 2018) . However, the interaction between ethylene and auxin can also regulate the formation of lateral roots and adventitious roots, but the mechanism is not completely clear so far (Basu et al. 2011 , Pedersen et al. 2017 . In this study, the roots of WL-tolerant plants grew faster than that of WL-sensitive plants, which would lead to the expansion of the root surface area to diffuse oxygen into the roots in WL-tolerant plants. Here, lateral root formation from primordial root and aerial root production were observed in WL-tolerant plants, which may be induced by ethylene regulation. In addition, ethylene has also been reported to be associated with the formation of aerenchyma (Yamauchi et al. 2014 (Yamauchi et al. , 2016 .
Leaf wilting due to water loss is the earliest observed symptom in the aboveground part of the plant. The reasons are complex and varied, such as a reduction of water otential gradient between the roots and the external environment and aquaporin gating (Gill et al. 2018) . Leaf wilting degree and NDWI index showed that leaf water loss was more serious in WL-sensitive plants. Firstly, water is a participant in photosynthesis and other metabolic reactions, and dehydration would directly inhibit photosynthesis and other metabolic reactions. Moreover, previous studies suggested that the decrease of leaf water content leads to the increase of ABA content to induce stomatal closure by regulating K + and anions channels (Jiang et al. 2014 , Kurepin et al. 2015 , Ha et al. 2016 , Brodribb and McAdam 2017 . However, ethylene had a negative effect on stomatal closure induced by ABA (She and Song 2012 , Chen et al. 2013 , Pedersen et al. 2017 , Najeeb et al. 2018 . In our results, gs was significantly reduced in WL-sensitive plants, indicating that plants closed their stomata as a stress response to water loss. On the contrary, tolerant plants can maintain leaf moisture adequate and stomata are opening in the early stage of flooding, and the gs index is almost unchanged.
Stomatal closure prevents gas exchange between leaves and air, and Ci decreases rapidly, which results in the main rate-limiting factor of photosynthesis in the early phase of hypoxia stress (Issarakraisila et al. 2007 . This is the main reason for the rapid decline of photosynthetic rate in WL-sensitive plants and the constant photosynthetic rate in WL-tolerant plants in the early stage of hypoxia stress. But after a long time of hypoxia treatment, the decrease of Fv/Fm and qp suggested that the PSII reaction centers were largely damaged and closed possibly because ROS accumulation destroyed the chloroplast structure and photosynthetic enzymes (Cherif et al. 2010 , Wu et al. 2015 , Keller et al. 2019 . Here, the limitation of maximal photochemical efficiency could be explained by SPAD and spectral curve characteristic parameters. The correlation coefficient of Fv/Fm and SPAD was 0.87, indicating that chloroplast degradation plays the most important role in Fv/Fm decline. Many hyperspectral indexes based on reflectivity from 480 to 700 nm, such as PSSRa, PSSRb, TCARI, NDVI, msR705, etc., had been reported to be highly correlated with the Chl content. In this study, the correlation coefficient between SPAD and PSSRa was 0.793 (not shown), and both these two parameters could accurately represent the Chl content in leaves. Both SPAD and PSSRa suggested that the Chl content decreased significantly in the WL-sensitive cotton varieties after hypoxia treatment. Moreover, there was negative regulation of photosynthetic rate because active transport of photosynthetic products was inhibited by membrane oxidation and ATP deficiency (Li et al. 2011 ) and activity of photosynthesis-related enzymes was reduced (Pandey et al. 2000) . NPQ increased significantly in WL-sensitive cotton varieties, which indicated that the optical energy absorbed by the pigments was converted into heat energy and lost under hypoxia stress.
The LT increasing can be explained in two aspects. Most important, stomatal closure restrains heat dissipation by transpiration. Besides, more light energy is converted into heat energy in leaves. In this study, LT increased significantly compared with that of control in the early phase of hypoxia stress in WL-sensitive cotton varieties. Although it has been reported that higher temperatures open stomata (Urban et al. 2017) , this phenomenon has not been observed in cotton, possibly due to too much water loss to allow stomatal opening. Subsequently, some primary metabolic reactions may be affected, resulting in metabolic disorders and inhibition of plant growth.
The dynamic monitoring of different photosynthesis and Chl fluorescence parameters could reveal plant growth strategies under waterlogging stress conditions. Under waterlogging stress, PN was influenced by stomatal activity and Ci in early stage of waterlogging stress, whereas photosynthesis rate is severely inhibited due to photosynthetic organ damage in the late flooding stage. Maintaining stomatal opening and leaf temperature stability are important for cotton seedlings to improve waterlogging tolerance.
